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Chapter 1: Introduction 
1.1 Overview 
Estimation of life history parameters is an important part of evolutionary ecology. 
However, estimation of mortality rates can take decades in long-lived species. Therefore, 
methods for estimating mortality rates from animal remains are desirable because they enable 
the researcher to investigate mortality rates over a much shorter period of time. In this study, I 
investigate whether it is possible to accurately estimate mortality from a population of guanaco 
(Lama guanicoe) skulls in the absence of any other data. I also investigate the problem of 
missing data from skulls since weather, predation, scavenging, and fire may damage the skulls 
before collection. 
1.2 Principles of Evolutionary Ecology 
Ecology was first defined by Ernst Haeckel in the 1860's as the study of the struggle 
for existence described by Darwin in On the Origin of Species (McIntosh 1985). This struggle 
includes competition with other organisms (Darwin 1859) and the solitary endeavor to survive 
the abiotic factors of one's environment and reproduce (Wallace 1855). Today, we define the 
environment to be a mixture of biotic and abiotic factors and adaptation is a result of the 
struggle against both. For example, Pianka defined organisms' environments as the "totality of 
the physical and biological factors affecting them or influenced by them" (Pianka 1994, p.5) 
The major questions of ecology are grounded in the idea of struggle against the environment. 
Some of the questions generated by this idea are: 
1. How do organisms adapt to the biotic and abiotic factors of their 
environments? 
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2. How do interacting species coexist and assemble into communities? 
3. What are the effects of local adaptation on the morphology and life history 
traits of a population? 
Evolutionary ecology is the study of how organisms interact, adapt to local conditions, 
and persist through time, influencing such factors as geographic distribution of species and 
community assembly. The accumulation of adaptations can lead to speciation and shifts in 
community composition. 
1.2.1 Adaptation to Local Environments 
Understanding adaptation to the environment spans multiple levels of biological 
organization, from the individual to the community. Adaptation is a result of natural selection 
acting on the individual. Taken as a group, the changes wrought by adaptation on individuals 
bring about changes on the population level, such as in life history parameters like mortality 
rates. These changes may also be reflected in the morphology of the organism in response to 
abiotic factors, such as changes in morphology due to extreme currents in demosponges (Bell 
et al. 2002), or in response to biotic factors such as predation ar competition, such as body 
shape associated with feeding behavior and tooth morphology in cichlid fishes in Lake 
Tanganyika (Ruber and Adams 2001). 
1.2.1.1 Adaptation to Abiotic Environmental Factors 
Abiotic factors include weather, physical substrate, and elevation. Rainfall and 
temperature are very important factors of an organism's environment. If rainfall is low, 
adaptations to minimize dessication are essential. However, those same adaptations are of no 
use for life in a tropical rainforest where water is plentiful. A good example of this type of 
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adaptation is the reduction of leaf size in cacti (Family Cactaceae); a reduction in leaf area 
leads to fewer stomata from which water can be lost. However, large leaf area may be of great 
importance to a plant competing for light in the canopy of a rainforest, such as Pourouma 
bicolor (Rijkers et al. 2000). Another example of adaptation to climate is the thick fur coat that 
helps a polar bear (Ursus maritimus) survive the extremes of the polar regions. This coat is 
obviously not appropriate for mammals which reside in the tropics. 
Physical substrate also plays a major role in an organism's evolution. While 
organisms on land and in saline environments both must evolve adaptations to prevent water 
loss, the nature of those adaptations is necessarily different. While organisms in saline 
environments must evolve structures to excrete salt to reduce water loss, fresh water organisms 
must evolve measures to limit water uptake. For example, the shark rectal gland salt tubules 
help to maintain the osmotic gradient sharks have evolved (Miller et al. 2002) while killifish 
have evolved different chloride cells for fresh and salt water environments to maintain their 
osmotic gradient (Katoh et al. 2001). 
Another example of the necessity of an adaptation an organism must make is to the 
elevation of its habitat. Because the air is thinner at high altitudes, organisms that spend time 
significantly above sea level must evolve hemoglobin with a high affinity for oxygen. An 
example of this phenomenon is found in the bar-headed goose (Anser indicus) which migrates 
over Mount Everest. The Andean goose (Chloephaga melanoptera) which lives at an elevation 
of 6 km in the Andean Mountains in South America has independently evolved a different 
form of hemoglobin with a high affinity for oxygen (Golding and Dean 1998). 
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1.2.1.2 Adaptation to Biotic Environmental Factors 
Because resources in a given habitat are finite, interactions with other organisms play a 
key role in the evolution of a species. These resources may be food, nest sites, mates, sunlight, 
or any other quantities organisms need to survive and reproduce. The n-dimensional 
hypervolume of ecological variables required for persistence by a species is its fundamental 
niche (Hutchinson 1957). The species' realized niche is the subset of this hypervolume under 
which the species actually exists (Pianka 1994). How organisms fill the niche space of a given 
environment and why there are so many species are major questions in ecology (MacArthur 
and Levins 1967, MacArthur 1972, Gee and tiller 1987, Futuyma and Moreno 1988, Huston 
1994, Kitahara et al. 2000). The concepts of competition and predation partly address this 
question. 
1.2.1.2.1 Competition 
Competition occurs when the realized niches of species overlap such that they both 
require the same limited resource (Birch 1957, Milne 1961). In competitive interactions, 
whether interspecific or intraspecific, the fitness of one organism or population is negatively 
impacted by the competition with another individual or population. Organisms compete over 
food, nest sites, sunlight, water, mates, and other needed resources. The ways organisms have 
evolved to reduce the effects of niche overlap are of great interest to ecologists (Park 1948, 
Holt 2003). One such area of study is the tradeoff between generalist and specialist strategies 
(Pianka 1994). Some organisms adapt generalist strategies which allow them to be flexible in 
which niches they fill. Others adapt specialized strategies, enabling them to utilize a resource 
more efficiently. Typically, a generalist is a less effective competitor than a specialist for a 
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given resource, but specialists tend to be less flexible to changes in their environments. 
Because generalists can survive under a wider variety of conditions, generalists tend to be more 
abundant than specialists (Brown 1984). The trade-off between increased habitat flexibility 
and the ability to more effectively exploit a resource is widespread in nature and is a key factor 
in the competitive interactions found within a habitat (Cockburn 1991). The evolution of a 
generalist or specialist life history strategy, or any other trait to reduce competition, can be 
behavioral or physical. 
1.2.1.2.1.1 Physical Adaptations to Competition 
One of the most well-known examples of physical adaptations to reduce competition is 
found in the adaptive radiation in Darwin's finches. These finches have adapted beak shapes 
and life history traits that have allowed them to colonize a variety of niches on the Galapagos 
Islands (Darwin 1845, Grant 1986). Examples of the variety of species and their 
morphological and behavioral adaptations include the woodpecker finch (Cactospiza pallida), 
the medium ground finch (Geospiza fortis), and the medium tree finch (Camarhyncus pauper). 
The woodpecker finch has a short, slender beak that can be used to probe woody tissues or use 
cactus spines and twigs to extract insect larvae from tree branches. The medium ground finch 
has a short, pointed beak which it uses to forage for ticks on the backs of land iguanas or for 
crushing seeds. The beak of the medium tree finch is effective for cracking seeds with it's tip 
(Grant 1986). Ina 30-year study of the medium ground finches (Geospiza fortis) and cactus 
finches (G. scandens) of the Galapagos Islands, it was found that beak shape changes with 
variation in the seed availability due to drought (Schluter et al. 1985, Grant and Grant 2002). 
Hybridization is theorized as the cause of the change in beak shape since the individuals which 
6 
were able to survive the changes in food availability. Other species have developed traits for 
intraspecific competition, particularly for mates. Antlers in red deer (Glutton-Brock et al. 
1989) and broad heads with cheek bristles in the Australian platystomadid Pogonortalis doclea 
(Walker) (McAlpine 1975) are used in fights between males for mates and territories. Other 
mechanisms include copulatory plugs (e.g. funnel web spiders (Masumoto 1993)) and 
increased body size (e.g. pinnepeds (Lindenfors et al. 2002) and garter snakes (Shine et al. 
2000)). In addition, some species have developed phenotypic plasticity as a method to reduce 
competition (Jordan and Sne112002). This is particularly noticeable in plants, which are able to 
modify the direction they are growing to escape shading or crowding. 
1.2.1.2.1.2 Behavioral Adaptations to Competition 
Behavioral adaptations may evolve in response to intraspecific or interspecific 
competition pressures. One such behavior is territoriality. Individuals may defend particular 
resources, such as a food cache or nest site, or may defend a territory to ariract mates. In some 
species, resource defense and mate attraction are inseparable. Male orange-romped honey 
guides gain access to mates by defending the nests of giant honeybees to which the females are 
attracted (Cronin and Sherman 1977). However, in other species, such as the fallow deer 
(Glutton-Brock et al. 1989), male territories have no function other than to attract mates (Emlen 
1968). Territorial defense can be accomplished through signaling, such as singing in white- 
throated sparrows (Falls 1988) and urination-defecation territorial marking in the Antilopinae, 
or physical conflict such as in the clashes between male springboks (Walther et al. 1983). 
Another method some organisms have evolved to compete is by interfering with another 
acquiring the desired resource. Sexual interference can take a variety of forms. For example, a 
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non-territorial male tree frog may intercept a female following the call of a territorial male and 
"steal" the opportunity to mate (Perrill et al. 1978). Another example is found in salamanders 
where a male may interrupt the courtship of another male and then mimic the behavior of the 
female so that the interrupted male deposits a spermatophore without a female to receive it 
(Arnold 1976). Interference competition can also take place over other resources, such as food. 
The Argentine ant, an invasive species, uses physical aggression and chemical compounds to 
drive away native ant species from food sources (Holway 1999). 
1.2.1.2.2 Predation and Parasitism 
Predation or parasitism occurs when one organism benefits from a reduction in 
another's fitness (Gotelli 1995). Organisms have evolved numerous physical and behavioral 
adaptations to avoid predation pressures. 
1.2.1.2.2.1 Physical Adaptations to Predation 
Physical adaptations which help to evade predation can be found throughout the animal 
kingdom. Evolution of traits for outrunning predators are seen in a wide variety of taxa 
(Vaughan et al. 2000, Richardson 2002). Some taxa have evolved toxins and bright coloration, 
such as monarch butterflies (Ritland and Brower 1991) and poison arrow frogs (Myers 1987), 
which predators learn to avoid (Pianka 1994). Other organisms, such as the king snake 
(Lampropeltis pyromelana) (Pfennig et al. 2001), have evolved coloration mimicking the 
warning coloration of poisonous species to deter predators (Batesian mimicry)(Bates 1862). 
Because a predator is less likely to learn to avoid a particular warning coloration if mimics are 
more abundant than toxic species, Batesian mimics are generally less numerous than the 
species they mimic (Pianka 1994). Crypsis, or the ability to blend into one's background, has 
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evolved to allow organisms to hide from their predators (Benson 1933, Otte and Williams 
1972, Moynihan and Rodaniche 1977, Donnelly and Dill 1984, Sauer 1984). 
1.2.1.2..22 Behavioral Adaptations to Predation 
Behavioral adaptations have also evolved to help species reduce predation pressures. 
Watchful behavior helps prey detect approaching predators and escape before the predator is 
close enough to be an immediate danger. Alarm calls by watchers have been observed in many 
prey species, and can convey information about the approaching predator (Blumstein 2002) as 
well as let the predator know that it has been spotted surprise (Hasson 1991, Blumstein 2002) . 
Alarm behavior can also be visual signals (Owings and Hennessy 1984, Caro 1986, Caro et al. 
1995) or chemical signals (Krause 1993). 
While flocking or aggregating may reduce the amount of food available or make 
individuals easier to find by predators, this behavior has arisen several times and for a variety 
of reasons. One common reason is that many individuals are more likely to see an approaching 
predator than a solitary individual, a phenomenon known as the "many eyes" principal (Alcock 
1993). Another reason for forming groups is to decrease the likelihood of being the prey 
chosen in a given attack by a predator. According to Hamilton's selfish herd theory (Hamilton 
1971), predation risk decreases as the individual approaches the center of the group. While this 
theory holds for some species (Parrish 1989, Krause 1993), the center of the group has a higher 
risk than the outside others, although this risk is still lower than for solitary individuals (Parrish 
1989). 
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Some prey species will attack their predators. Mobbing behavior has been e~ibited in 
many animals, and has been well studied in birds as a way to reduce predation pressures on 
eggs and young (Altmann 1956). 
A common defense against predation is predator swamping, a phenomenon in which 
the births in a population are synchronized. Because predators do not have infinite appetites, 
they can only eat so many of the offspring and the chance that some will survive to reproduce 
is higher when offspring are born synchronously (Caughley and Sinclair 1994). Another way 
to swamp predators is through sheer numbers (Cockburn 1991). If many offspring are 
produced, the probability that some will survive is increased. 
1.2.1.3. Apparent Competition and the Keystone Species Concept 
Some predators are essential for controlling prey population levels. In some ecosystems, 
a predator reduces the density of other species to the point that they are able to coexist. When 
this keystone specces is removed, one species will out compete the other (Paine 1969, Pimm 
1980). An example of a system where prey species appear to be in competition, but are 
actually regulated by a keystone predator is found on the rocky shores of the Pacific Northwest. 
The ocher starfish (Pisaster t~ch~~acez.~s) preys on several species of invertebrates, but prefers 
the mussel M~~telzt~sY ~>clz~lis. While Pisaste~~ is present, the comn~unity of invertebrates is able to 
coexist. However, when the star. f sh is ren~oved,ll~i~tel~cs edulis o~it competes the other. species 
and a monoculture of the mussel arises (Pa1~1e 1.966). 
1.2.2 Community Assembly 
While predation and competition do much to explain how and why species fill a given 
amount niche space ,they are unable to completely answer the question of how species coexist 
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and assemble to form communities. Community ecology is the study of which species are 
found in a given environment at a given time and what roles those species play (Law 1999). 
Which species are present in a community depends on the local processes operating and the 
species available in nearby geographical locations (Ricklefs 1987, Ricklefs and Schluter 1993). 
Diamond (1975) proposed that species co-occur in non-random patterns due to competitive 
interactions. Therefore, of all the possible combinations of species possible for a given 
habitat, some "forbidden" combinations will never occur while other, "permissible" 
combinations, will occur more often than if species were distributed at random. Permissible 
combinations are resistant to invasion by competing species, possibly due to efficient 
partitioning of resources. Some combinations that do occur may only occur in the presence of 
a larger group of species. Island size, whether the island is simply a habitat patch or an area 
separated from the mainland, may also affect the combinations which are permissible. Finally, 
the combination of multiple permissible combinations may be unstable. 
Dispersal mechanisms also play a key role in determining species composition since 
species which are able to efficiently colonize a habitat and have sufficient population size to do 
so can occupy an island for a longer time than species which are less efficient dispersers. Law 
(1999) argues that the central variable in community assembly is the subsets of species in the 
region which e~ibit persistence, because they are those which are less likely to have a 
transient existence in the community. If the persistent species can be quantified, the rate of 
turnover of the remaining species gives an estimate of the assembly dynamics. Although 
Diamond's rules of community assembly have been contested in the literature (Simberloff and 
Connor 1979, Strong et al. 1984, Gotelli and Graves 1996), Gotelli and McCabe (2002) found 
evidence for these rules in ameta-analysis of 96 published species presence-absence matrices. 
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How generalizable Diamond's community assembly rules are is an open question in ecology 
and likely to remain controversial for some time to come. 
1.3 Population Ecology 
An important component of evolutionary ecology is the study of the life cycle of an 
organism. The life cycle consists of birth, growth, maturation, reproduction, and death. The 
dynamics of a population or demographics depend on the rates that individuals will undergo 
each stage of life (Caswell 2001). These dynamics are influenced by time and environment. 
Life tables are important demographic tools which have been in use for over a century 
for studying age-specific life history parameters (Lawless 1982). They do this by recording the 
number of individuals in each age class at each age and the number of offspring produced at 
that age. Age-specific mortality and fecundity rates as well as expected lifespan and 
reproduction can be derived from the mortality and fecundity rates. There are two basic 
variations of the life table, cohort-specific (also known as age-specific) and time-specific 
(Caswell 2001). Cohort-specific life tables follow the fates of all the individuals born at a 
given time throughout their lives. This can be very time-consuming in long-lived species and 
the model is accurate only for the cohort studied. The time-specific life table e~ibits a 
snapshot of the population structure at a given time and its age specific mortality and fecundity 
information. If the age-structure and size of the population are constant, the time specific life 
table can be used to predict future population numbers. 
The traditional life table has evenly spaced age intervals and includes age-specific 
mortality and fecundity information. When the method of age estimation in a population does 
not produce evenly spaced age groups or major changes in life history occur at irregularly 
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spaced intervals, life history stages, rather than even age intervals, are used and stage-specific 
parameters are calculated. When only death data is known, the life table is referred to as being 
sense stricto (Caswell 2001). This type of life table includes only mortality parameters 
because fecundity information is unavailable. In this study, the nomenclature and columns of 
the life table used follow those suggested by Keyfitz (Keyfitz 1968, 1977) and Pielou (1969). 
The age interval covers ages (x; , xi+l) , which includes the individuals who died at a 
minimum of xi units of age, but before reaching xi+l units of age. Other variables included are 
nx, the number of ~ individuals alive in the population in (xj , x1+1) ; lx, the number of survivors at 
age x standardized to a population size of 1000; dx, the number dying in (xl , xl+l) ; qx, the age-
specific mortality rate for individuals of age (xi , xl+l) ; and Lx, the number of time units lived 
by all individuals alive in (xi , xl+l) . Although population numbers and mortality rates are 
never stable over evolutionary time, the life table is a useful tool for examining life history 
parameters over the short term and is widely used by many researchers (Caswe112001). 
One of the disadvantages of studying along-lived species, such as an ungulate, is the 
length of a generation. It can take many years to develop accurate estimates of life history 
parameters such as mortality if the approach is confined to live individuals with known ages. 
Thus, it is desirable to estimate age from individuals through methods not requiring live 
specimens. Use of animal remains, such as skulls, may allow us to gain understanding of 
population structure and dynamics without requiring excessively long field studies. 
Animal skulls can provide a great wealth of information to researchers (White 1991). 
Age estimates may be based on tooth eruption patterns (Raedeke 1979, Larsen and Taber 1980, 
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Puig and Monge 1983, Sauer 1984), cementum annuli (Raedeke 1979, Larsen and Taber 1980, 
Sauer 1984), and size (Jaczewski 1991). Changes in the shape of the organism in relation to 
size (allometry) and age (ontogeny) can also be investigated. From these data, we can gain 
insight into the growth processes and mortality rates of the population under investigation. 
1.4 Morphometrics 
The field of morphometrics gives us tools to quantify and analyze patterns of 
morphological growth and change in a population. Morphometrics is the study of shape 
variation and its covariation with other variables, such as size and ecological variables. 
Historically, size and shape have been used for taxonomic classification and understanding of 
biology, but the ability to rigorously quantify and statistically analyze these traits is a more 
recent development (Rohlf and Marcus 1993, Bookstein 1998). This enables researchers to 
test morphological hypotheses to gain deeper understanding of how shape varies with function 
and why. 
1.4.1 Traditional Morphometrics 
Traditional morphometrics (Marcus 1990, Reyment 1991), also known as multivariate 
morphometrics (Blackith and Reyment 1971), evolved as multivariate statistical methods were 
developed. These methods use sets of linear distances in multivariate analyses as measures of 
shape for studies of allometry and ontogeny (Jolicoeur 1963). The measured distances should 
be log transformed since linear distance measures are typically log-normally distributed (Smith 
1980). Some of the types of analysis used in traditional morphometrics are the comparison of 
groups (MANOVA, discriminant function analysis), exploration of variation between and 
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within groups (PCA, canonical variates, etc), or description of the variation with other 
variables (multiple regression). 
While the evolution of multivariate morphometrics represented an increase in the 
ability to study size and shape, there are difficulties associated with quantifying morphology 
using linear distance measures. One difficulty is that size is a large component of a linear 
distances and must be accounted for in studies of shape. Several methods have been proposed 
for separating size and shape in linear distance measures, but not all are mathematically 
equivalent. One such method is to define a measurement a priori to be size, such as snout-vent 
length in salamanders (Adams and Beachy 2001) or standard length in fish (Cherel et al. 1999). 
The geometric mean has also been used as an estimate of size. For a matrix oflog-transformed 
measurements, Y, the geometric mean is defined as 
l~ 
GMY = e n 
Y 
This mean is based on all measurements for a given specimen, which is less arbitrary than 
selecting a measurement as size a priori. A third method for estimating size is called 
`generalized size' and is calculated from the first principal component (PC 1) of a principal 
components analysis (PCA). This assumes that the elements of the eigenvector that comprises 
PC 1 are all large and positive (Jolicoeur 1984). This is also less arbitrary than selecting a size 
measurement a priori. However, if the direction of maximal variation in the data is caused by 
differences between groups, PC 1 does not describe size. In addition to PC 1, geometric mean, 
and a priori size measures, several other size measures have been proposed (see Jungers et al. 
1995). Unfortunately, because these methods are not mathematically equivalent, choice of size 
measure affects the results of a study. Also, none of the proposed methods are able to produce 
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shape variables which are independent of size (Adams et al. 2003). Since at most one measure 
of size in a linear distance data set is uncorrelated with shape (Mosimann 1970), the 
confounding of size and shape is a serious problem in traditional morphometrics studies. 
A second problem with linear distance measures is the loss of geometry of the 
anatomical structures being quantified. Without geometry, homology is arbitrarily assigned 
(Bookstein 1998). For instance, the relationship between the maximum widths of two 
structures in different organisms are assigned to be homologous, despite the fact that the actual 
relationship is unknown. Linear distance measures also may be unable to distinguish between 
shapes. For instance, in Figure 1, the maximum lengths and widths are the same, but the 
shapes are clearly different. Because the geometry of the structure is lost, a researcher may 
falsely conclude that the shapes are the same if linear distance measures are used. 
Figure 1: Two shapes with the same maximum length and width which would not be distinguished from these 
measures. 
A final problem with linear distance measures is the inability to graphically depict 
results. Because the geometry of the structure is lost, results must be summarized in tables. It 
is much easier to describe shape change from graphical output than from tables of correlations 
and covariances (Bookstein 1998). 
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1.4.2 Geometric Morphometrics 
The problems with traditional morphometrics, in particular the lack of graphical output, 
led to a "revolution" in the field of morphometrics in the mid-1980's (Rohlf and Marcus 1993). 
Rather than using sets of linear distances, methods which characterized shape using alternative 
data types based on the x,y coordinates of landmarks and outlines were proposed. These 
landmark and outline based methods (geometric morphometrics) preserve the geometry of the 
shape of the organism, making description of differences in shape much more intuitive. 
Additionally, advances in multivariate shape statistics enabled researchers to combine 
visualization techniques with rigorous statistical methods (Kendall 1984, 1985, Bookstein 
1989, 1991, Small 1996, Dryden and Mardia 1998). A measure of size which is uncorrelated 
with shape in the absence of allometry was also found. This is centroid size, or the root-
summed-squared distance of all landmarks from the centroid (center of gravity for the 





`~i — XcI ~ 
i=1 
where Xi is the matrix of X, ~' coordinates for the landmarks of a specimen, X~ represents the 
matrix of p copies of the coordinates for the centroid, and p is the number of landmarks. 
Therefore, centroid size enables researchers to separate size and shape for investigations of 
allometry (Bookstein 1998). 
Several methods to capture the geometry of shape using landmarks were proposed, 
beginning with the box truss, in which distances between groups of four landmarks are 
measured (Rohlf and Archie 1978). However, average shapes constructed with this method are 
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often not coplanar due to measurement error and adjustments must be made to "flatten" the 
truss (Bookstein et al. 1985). While this method does use landmarks, it does not do so directly; 
instead, distances between landmarks are used. 
Later methods made use of the coordinates of the landmarks rather than distance 
measures. The general procedure, no matter which method is used, is to remove all non-shape 
information from the specimens before analyzing shape. Therefore, the specimens are 
translated to a common location, rotated to a common orientation, and rescaled using centroid 
size. Using Bookstein's (1986) shape coordinates, or two-point registration, each specimen is 
translated so that a homologous landmark, A, lies at the origin. A second landmark, B, is 
rotated to the x-axis. The specimen is then resized so that the distance between A and B is one. 
While this was an improvement in that landmarks were the data rather than measurements, 
choice of baseline for size correction had an effect on the results (Bookstein 1991). 
Generalized Procrustes Analysis (GPA) is aleast-squares superimposition technique 
that minimizes least squares deviations between corresponding landmarks (Rohlf and Slice 
1990). Specimens are translated so that the centroid is at the origin. The specimen is then 
resized by centroid size. The next step is to iteratively rotate the specimens to minimize the 
Euclidean distance between corresponding landmarks of each specimen and those of the 
reference specimen using a least squares criterion (Figure 2). This algorithm is quite fast, 
usually needing only a few iterations to optimally align the specimens with minimum variation 
in the data set. The first specimen is chosen as the reference for the first iteration and the 
average specimen from each iteration is used as the reference for the next iteration. Each 
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Figure 2: Generalized Procrustes analysis 23 landmarks on 400 stickleback skulls (Gasterosteus aculeatus}. The 
red points are from individuals from the limnetic population in Visnaw Lake, the light blue are individuals fram 
the marine habitat of Rabbit Slough, the dark blue individuals are benthic feeders fram Mud Lake, and the green 
individuals are benthic feeders in Meadow Creek. A.} The raw data from digitizing the skulls. B.) The specimens 
have been translated to a central location to eliminate error caused by location of the skull. in the picture. C.) The 
specimens have been rescaled by centraid size so that size-independent shape can. be examined. D.} The translated, 
rescaled, and optimally rotated specimens. Data fram Caldecutt and Adams (1998). 
specimen X; is aligned by assuming that the specimen can be described as the reference 
specimen with error in each landmark and differences in translation, rotation, and scale. 
Therefore, 
X; = P; (moo + E; ) ,~I; + 1 ~ 2,` 
where ~o is the reference, ~'; is the matrix of deviations from the reference for specimen i, ~o; is 
the scaling factor, H; is the rotation factor, 1 ~, is a p x 1 vector of 1 s, and ~ is the transpose of 
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the coordinates of the centroid of specimen i. Hi can be found by taking the singular value 
decomposition of 
XoXI = V~Ut
and replacing ~ with S, a diagonal matrix with 1 s on the diagonal to eliminate shears and 
reflections (Rohlf and Slice 1990). 
Once the specimens are aligned, they are projected from the curved Procrustes shape 
space (Slice 2001) to a tangent space using orthogonal projection. This can be accomplished 
using Burnaby's orthogonal projection (Burnaby 1966) or calculation of the thin-plate spline 
(TPS) variables and uniform components of shape. Once the data are projected into the tangent 
space, it is possible to perform statistical analyses on the results of the GPA. Differences in 
shape can be visualized using TPS, a technique borrowed from engineering which uses 
deformations in a rectangular grid to show differences in shape between the reference 
specimen and a given specimen (Figure 3) (Bookstein 1989, 1990, 1991). 
1.4.3 Advances in Morphometrics 
The field of morphometrics continues to advance quickly, with new variations on the 
GPA method being proposed to solve particular problems. One such problem was that of 
outlines. when a study organism lacks repeatable, homologous landmarks or the number of 
landmarks needed to capture the shape of a specimen requires an excessively large sample size, 
the outline of the organism may be used to study shape. Until recently, this was performed by 
elliptical fourier analysis (EFA) (Rohlf 1990). However, new advances in publicly available 
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Meadow Creek (Benthic) Mud Lake (Benthic) 
Rabbit Slough (Marine) Vishnaw Lake (Limnetic) 
Figure 3: Thin-plate spline deformation grids showing differences between the four populations of stickleback fish 
in Caldecutt and Adams' study with the overall average (reference) configuration in the center (data from 
Caldecutt and Adams 1998). 
software (TPSrelw (Rohlf 2003)) have enabled researchers to implement the semilandmark 
concept proposed by Bookstein (Bookstein 1997). In this approach, landmarks that are 
constrained to lie on a curve are allowed to "slide" along a section of a curve so that the 
bending energy in a TPS analysis is minimized. An advantage of this method for outlines is 
that the statistical theory for GPA is much more rigorous than that of EFA. Another advantage 
of this method is that it allows the combination of landmarks and outlines in a single analysis. 
Another problem encountered in morphometric studies is that of articulating structures. 
An individual with its mouth open occupies a different section of shape space than that same 
individual with its mouth shut. Adams (1999) investigated three methods for accounting for 
articulation: separate subsets, fixed angle, and the orthogonal projection method. In the 
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separate subset method, articulated structures are separated into two subsets, each containing 
the articulation point. These subsets are then aligned separately and the two subsets of shape 
variables are combined, with the ratio of the centroid sizes of the subsets as an additional 
variable for size scaling. In the fixed angle method, articulating structures are set to a uniform 
arbitrary angle before the structures are aligned. The orthogonal projection method employs 
determining the distortion due to differences in articulation and removing that vector by 
orthogonal projection. Adams (1999b) found that performing GPA on the articulating 
structures separately and then combining the aligned specimens was the preferred method for 
investigating articulated structures because simulation showed that this method had the highest 
statistical power of the three methods he investigated and the choice of angles for the fixed 
angle and orthogonal projection method are arbitrary and affect the results of the study. An 
additional convenient property of the separate subset method is that it is computationally 
simple in comparison with the other methods Adams examined. 
Other advances in geometric morphometric applications include treating motion as a 
trajectory through shape space (,Slice 1999, 2002), examining fluctuating asymmetry 
(Klingenberg and McIntyre 1998,1V~=ardia et al. 2000, Kent and Mardia 2001), and quantitative 
genetics (Klingenberg and Leamy 2001, Klingenberg et al. 2001, Monteiro et al. 2002). 
Advances are being made in studying estimation of phylogeny (Adams and Rosenberg 1998, 
Rohlf 1998, Bookstein 2002, Felsenstein 2002, MacLeod 2002, Rohlf 2002), but the 
fundamental conflict between continuous shape variables and the discrete nature of 
phylogenies has not yet been resolved (Adams et al. 2003). 
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One current shortcoming of geometric morphometric tools is that the tools of geometric 
morphometrics are not robust for the problem of missing data. This is important because 
structures critical to describing shape in one organism may be missing in another organism. 
Missing landmarks may be due to damage or morphogenesis, in which the structure has not yet 
formed. Thus, the number of landmarks which correspond between specimens may vary 
depending on which specimens are being compared, and the results of a study could vary 
depending on which subset of specimens was examined. 
1.5 Guanacos 
Guanacos (Lama guanicoe) are members of the camel family (Camelidae) found in Argentina, 
Bolivia, Chile, Paraguay, and Peru (Figure 4) (Torres 1992, CITES Secretariat 2003). They 
live in arid environments at elevations sometimes exceeding 4,000m (Franklin 1983). 
According to Charles Darwin, guanacos (Figure 5) are "the characteristic quadruped of the 
Patagonia... It is an elegant animal in a state of nature, with a long slender neck and fine legs. 
It is very common over the whole of the temperate parts of the continent, as far south as the 
islands near Cape Horn. It generally lives in small herds of from half a dozen to thirty in each; 
but on the banks of the St. Cruz we saw one herd which must have contained at least five 
hundred." (Darwin 1845) 
Guanacos are both grazers and browsers (Franklin 1975), preferring grasses such as 
Festuca gracillima and F. magellanica over other types of vegetation. Raedeke (Raedeke 
1979) found that consumption of food species by the guanacos of Tierra del Fuego, Chile was 
correlated with availability and time of year, but that guanacos are not opportunistic foragers. 
He found that guanacos preferred new growth of forbs and browse when available, but 60% of 
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their diet consisted of grass and grass-like species. Lichens, fungi, and epiphytes were 
consumed during the fall when they were most readily available. 
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Figure 4: The current distribution of guanacos in South America and where they are protected (from Torres 1992). 
Guanacos and domesticated sheep (Ovis arias) are competitors for food. When sheep are 
present, Raedeke (1979) found that guanacos shifted their locations to less preferred areas, 
causing a shift in their diets. Sheep have more specialized diets and the movement of sheep 
ranchers and their dogs appeared to displace guanacos. Raedeke also speculates that guanacos 
would be out competed for food by the sheep without human and canine intervention because 
of the depletion of the grasses by grazing sheep. 
2~ 
Figure 5: ~ guanaco family group grazing in Torres del Paine National Park, Chile. 
Guanacos are sexually monomorphic, showing sexual dimorphism only in the canine 
teeth, with the males having large teeth for fighting (Raedeke 1979, Franklin and Johnson 
1994). Males exhibit resource defense territoriality (Franklin 1975) and females prefer 
territories with little cover for pumas (Puma conco~'o~) to hide in (Sarno, pars. comet.). 
Females and their young of the year (chulengos) form family groups and freely move between 
territories (Franklin 1975). while territorial males may temporarily join family groups, they 
r. amain in their territories when the females anal their offspring leave. chulengos remain with 
their mothers until nearly a year old, at which time they are chased away by the territorial male 
(Garay et al. 1995 ). Males that do not have territories are found in large male groups that can 
number over 100 (Ortega and Franklin 1995). 
Predation is a significant component of juvenile mortality. Bank et aL (Bank et al. 2002), 
Wilson (1984) and Franklin et al (1999) found that pumas preyed preferentially on juveniles. 
Because so many juveniles are preyed upon, many of their skulls are significantly damaged. 
Methods for aging juveniles have traditionally relied on tooth eruption patterns (Raedeke 
1979, Puig and Monge 1983, Oporto et al. 1984). However, teeth are often lost after death in 
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those same processes which damage the skulls, making age estimation by tooth eruption more 
difficult. An estimator of age which can be applied to damaged skulls is needed if Life history 
parameters are to be estimated from skull populations of guanacos. 
Size may be a valuable predictor of age in juveniles of this species. Guanacos undergo 
approximately 920% growth in the first three years of life. At birth, they weigh. approximately 
13 kg (Franklin and Johnson 1994). A fully-grown guanaco weighs approximately 120 kg, 
reaching this full growth at approximately 3 years of age (Raedeke 1979). Shape may also be 
of value in estimating age since, when studying guanacos in the field, it appears that the skull 
elongates more than it widens as the animal matures (Figure 6). Therefore, there may be 
measurable ontogeny in this species which can be applied to the estimation of age. 
Figure 6: A mother guanaco and her 15-minute-old chulengo in Torres del Paine National Park, Chile. 
Although not all guanaco populations are migratory (Raedeke 1979, Franklin 1983), the 
guanaco population studied here is migratory (Grtega and Franklin 1995). During the fa.11, the 
guanacos migrate in large groups consisting of both sexes across the park to hillier territory 
which is more sheltered from the elements, but provides greater cover for their primary 
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predator, the puma (Wilson 1984, Iriarte et al. 1991, Franklin et al. 1999, Sarno et al. 1999, 
Bank et al. 2002). 
The guanaco population studied in this study resided in Torres del Paine National Park 
(72°55' W, 51 °03' S) (Figure 7), a 240,000-ha (Franklin et al. 1999) United Nations 
Educational, Scientific and Cultural Organization (UNESCO) Biosphere Reserve (UNESCO 
2003). Our study area consisted of a "Peninsula" approximately 40 km2 in size and bounded by 
Lake Nordenskj old and the Rio Paine to the north, Lake Pehoe to the west, Lake Sarmiento de 
Gamboa to the south, and the park border with the Goic sheep ranch to the east (Figure 8). 
Within the peninsula, elevation ranges from 100 to 3 OOm above sea level (Franklin and 
Johnson 1994) and the landscape is dominated by Patagonian steppe, which occurs at 
elevations below SOOm (Pisano 1974). 
The vegetation of the study area is dominated by mata barrosa (Mulinum spinosum), 
which is a low, rounded, spiny shrub. Mata negra (Verbena tridens) is also very prevalent 
(Franklin et al. 1999) and fills the air with its sweet scent during flowering (personal 
observation). Other important plant species found in this xeric pre-Andean shrub association 
are senecio (Senecio patagonicus), calafate (Berberis burifolia), and paramela (Adesmia 
boronoides). Woodlands are found at the western end of the study area. Two medium-sized 
tree species, nine (Nothofagus anarctica) and lenga (Nothofagus pumilio) dominate these 
regions (Texera 1973, Pisano 1974, Ortega and Franklin 1988). In addition to the guanaco, 
other mammalian species found in Torres del Paine include the Patagonia puma (Puma 
concolor patagonica), which is an important predator in this region (Wood 1981, Wilson 1984, 
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Figure 7: The study site, Torres del Paine National Park, is in southern Chile, near the border with Argentina. 
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Figure 8: The "Peninsula" area of Torres del Paine National Park, Chile is bounded by the Rio Paine, Lago 
Nordenskjold, Lago Pehoe, Lago Sarmiento de Gamboa, and the park boundary with Estancia Goic. 
29 
Franklin 1995, Franklin et al. 1999, Sarno et al. 1999, Bank et al. 2002), Geoffrey's cat (Felis 
geoffroyi), the culpeo fox (Dusicyon culpaeus), the chilla fox (D. griseus), the Patagonia skunk 
(Conepatus humboldti), the European hare (Lepus capensis) (Garay and Guineo 1997, 
Franklin et al. 1999), and the huemul (Hippocamelus bisulcus) (Garay and Guineo 1997). 
Birds species in the park include the Andean condor (Vulturgryphus) (Garay and Guineo 1997, 
Sarno et al. 2000c), crested cascara (Cascara plancus), Darwin's rhea (Rhea pennata), and 
several waterfowl and songbirds (Garay and Guineo 1997). Four species of fish and three 
species of amphibians have been identified in the park as well. According to Garay and 
Guineo, at least 170 species of insects in 8 families have been identified in the park with 
additional 6 families which have not yet been identified. Sheep are the primary domesticated 
animal on the ranches surrounding the park, although ranchers in the area are increasingly 
switching to cattle in response to world markets (Franklin et al. 1999). 
1.6 Project Goals 
The primary goal of this study is to investigate what life history information about 
juvenile guanacos can be gained from a skull population collected in the field. Because skulls 
are often damaged by predation, the effect of imputation of missing measurements will be 
investigated. I will investigate how many values can be imputed without introducing 
significant skew into the data set. A second goal is to determine whether there exists 
significant allometry or ontogeny in this population and if size or shape are accurate predictors 
of age. Because the data collected are linear distance measures that are not connected, I will 
use traditional morphometrics methods to investigate size and shape. If size or shape can be 
used to predict age in the juvenile guanaco, I will use this data to age skulls for which age 
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estimation by tooth eruption is not possible. This will increase the sample size for 
investigations of life history parameters such as mortality rates. I will investigate age-specific 
mortality in the Torres del Paine guanaco population as an example of information which can 
be gained from a skull study and to determine whether skull data, in the absence of any other 
information, is sufficient to estimate mortality in this species. 
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Chapter 2: Data Collection and Exploration 
2.1 Abstract 
In this chapter, I describe the methods I used for data collection, exploration, and 
imputation of missing values. First, the skulls were collected, classified as juvenile or adult, 
measured, and age estimation of the juvenile skulls by tooth eruption. Second, I imputed 
values missing due to predator, weather, or fire damage and compared imputed data sets to a 
data set comprised of skulls that were undamaged. Third, I examined the relationships between 
size, shape, and age in the juvenile skulls. Finally, I used the information from the 
relationships between size and age to estimate age in those individuals that were not able to be 
aged by tooth eruption due to loss of teeth post mortem. 
2.2 Data Collection 
During the 20 years from 1978 to 1998, 1768 guanaco skulls were collected as they 
were encountered in the field by guanaco project researchers (Jefferson 1980, Wood 1981, 
Franklin 1982, Wilson 1982, Jurgensen 1985, Ortega 1985, Garay 1986, Lawrence 1990, 
Franklin and Fritz 1991, Franklin and Johnson 1994, Garay et al. 1995, Ortega and Franklin 
1995, Franklin et al. 1997, Prexl 1997, Sarno 1997, Sarno et al. 1999, Sarno and Franklin 1999, 
Sarno et al. 2000a, b). These skulls reside in the collection maintained by park officials in 
Torres del Paine National Park. They are housed in the administrative section of the park. 
2.2.1 Measurements Collected 
The term juvenile is defined and used here as an individual 24 months of age or less. 
Because all permanent teeth are fully erupted at 24 months of age (Raedeke 1979, Puig and 
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Monge 1983), all individuals undergoing tooth eruption at the time of death were considered to 
be juvenile. By this definition, 965 of the collected skulls were identified as juvenile and 392 
were identified as adult. The remaining 411 skulls were too badly damaged to determine age 
class. All juvenile skulls were measured in several dimensions to determine head size and 
shape. Because of the damage inflicted on some of the skulls by pumas, scavengers, and 
weather, redundant measurements were taken. The nine measurements taken can be seen in 
Figure 9. The designations and descriptions of each measurement are listed in Table 1. Both 
the left and right side of the mandible were measured for COR, CON, and ANG. T-tests were 
performed on each of these measurements using PROC TTEST in SAS°  to ensure that there 
was not a significant difference between the two sides of the mandible. Because there was no 
significant difference between the two sides (p > 0.20 for all three measurements), the values 
for the two sides were averaged for those skulls which had measurements for both sides; 
otherwise, the value from the intact side was used. 
r~ 
Figure 9: Distances measurements taken for each skull. A) The skull from the superior view. B) Lateral view of 
the cranium. C) Lateral view of the mandible. D) Superior view of the mandible. See Table 1 for a description of 
the measurements and their designations. 
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Variable Line Designation Description of Measurement 
in Figure 9 
The distance from the center of the lambdoidal crest to the 
NAS AB anterior tip of the nasal bones. This is an estimate of cranial 
length. 
The distance from the center of the lambdoidal crest to the 
HLEN AC anterior tip of the maxillae. This measurement is used to 
estimate head length. 
ORB D 1 D2 ORB —The distance between the 
lateral-most aspects of the 
orbits. This gives an estimate of head width. 
MAXL CE The distance from the anterior of the ascending ramus 
of the 
maxilla to the anterior tip of the maxilla. 
Distance from the posterior-most aspect of the coronoid 
COR FG process to the anterior tip of the mandible. This is another 
measure of head length. 
Distance from the posterior-most aspect of the condyle to the 
CON FH anterior tip of the mandible. This is another measure of head 
length 
Distance from the posterior-most aspect of the angle to the 
ANG FI anterior tip of the mandible. This is another measure of head 
length. 
WCOR L1L2 Distance between the superior-medial-most aspects of the coronoid processes. This is a measurement of head width. 
MOLO JK 
Length of the molar opening of the mandible. This was 
generally taken on the left side of the mandible, where 
available. When the left side was not present, this 
measurement was taken on the right side. This measurement 
may be indicative of age, particularly in animals that have 
finished growing all of their adult teeth. 
Table 1: Guanaco skull measurements, their designations in Figure 9, and their descriptions. 
2.2.2 Age Estimation by Tooth Eruption 
For estimation of juvenile mortality, mandible tooth eruption patterns were recorded for all 965 
juveniles. Teeth were recorded as present or absent, deciduous or permanent, and erupting or 
fully erupted, as described by Sauer (1984) for white-tailed deer. Since it was not always 
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possible to tell whether a tooth was lost postmortem, a tooth was recorded as lost if it was 
absent and the alveolar opening was still present. Due to the fact that alveolar openings are 
remodeled (close) after tooth loss (White 1991), the tooth was listed as not present if the 
alveolar opening was not visible or that portion of the mandible was missing. A consensus of 
the eruption patterns for both sides of each mandible was made to determine the eruption 
pattern for each individual. Where the two sides of the mandible had different eruption 
patterns, the side with more usable information for a given tooth (such as one side having a 
given tooth present while the other had an empty alveolar opening) was used and the side to 
analyze was chosen at random if the amount of information contained was equal but no 
consensus could be reached. Mandibles missing too many teeth for accurate age determination 




I~ IZ I3 C1 PM3 PM4 MI M2 M3
30 D d - - d d - - -
92 D d d d d d (P) - -
217 D d d d d d P - -
304 D d d d d d P (P) -
457 (P) d d (P) d d P P -
546 P P (P) d d d P P -
730 P P P P x P P P P 
Table 2: Mandibular tooth eruption patterns and the average age exhibited by individuals with that pattern (adapted 
from Raedeke 1979). d=deciduous, P=permanent, ()=erupting, x=tooth lost and not replaced by permanent. I = 
Incisor, C =Canine, PM = Premolar, M =Molar. Subscripts begin anteriorly and increase as the teeth progress 
dorsally along the mandible. 
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eruption schedule from Raedeke (1979) (Table 2). The number of skulls of each age in this 
data set are shown in Table 3. 









Table 3: The number of skulls of each .age category as estimated by tooth eruption. 
2.3 Exploratory Data Analysis 
Because linear distance measures are typically log-normally distributed (Smith 1980), 
all distance measurements were log-transformed. The correlation between each transformed 
measurement and age was calculated in JMP (SAS Institute 2002). All measurements except 
WCOR were correlated with age (r > 0.5) (Table 4). WCOR was also often missing due to the 
fragile nature of the tip of the coronoid process. Therefore, WCOR is the only measurement 
which was not used for the remainder of the analyses. 
2.3.1 Imputation of Missing Values 
Many of the skulls in this study were damaged, either by predation, scavenging, 
weather, or fire. Therefore, not all measurements were available for some individuals. Further, 
due to postmortem tooth loss from the skulls, age could not be obtained for many individuals. 
All juvenile skulls which had ages estimated from tooth eruption were sorted by the number of 
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Measurement Correlation With Age 
NAS 0.773 94 






WCOR 0.05 670 
MOLD 0.79887 
Table 4: Correlations between skull measurements and ages estimated by tooth eruption. Only WCOR is not 
correlated with age. 
measurements present, and eight data sets were compiled from these data (Table 5). The first 
set contained the 39 skulls which had all eight measurements present. This will be referred to 
as the complete data set. The second set contains the complete set AND all skulls which were 
missing only one measurement. This set will be referred to as data set 7. The remaining six 
sets are similarly labeled by the minimum number of measurements present for each skull in 
the data set. Therefore, they are referred to as data set n, where n is the minimum number of 
measurements present. 
To obtain estimates for missing values, each data set was mean centered by subtracting 
the mean for each variable and then dividing by the standard deviation, transforming the data to 
standard normal deviates. Missing values in data sets 1 through 7 were imputed by PROC MI 
in SAS (SAS Institute 1999), using a Markov chain Monte Carlo method (multinormal method 
MCMC), five imputations, and constrained to fall within 2.5 standard deviations of the mean. 
In this method, SAS performs a regression on the data to estimate missing values. A normal 
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Data Set Number of Measurements Number of Skulls 
Complete 8 39 
7 > 7 89 
6 > 6 124 
5 > 5 165 
4 > 4 268 
3 > 3 355 
2 > 2 374 
1 > 1 412 
Table 5: Sample size for each data set and the number of measurements available for each member of that data 
set. 
distribution with the estimate of the missing value as the mean is calculated and a new value is 
selected at random from this normal distribution to replace the missing value. Each missing 
value is imputed five times, so that a total of five data sets are created. 
Because PROC MI is an experimental procedure in SAS (SAS Institute 2001), a 
multivariate analysis of variance (MANOVA) was performed on each imputed data set to 
determine whether SAS was consistent in imputing the missing values. Because the five 
imputed copies of each data set did not significantly differ, the average value for each 
measurement for each skull was calculated to create a single data set with imputed values, 
which will be referred to as imputed data set n, where n is the minimum number of 
measurements taken for each skull in the data set. 
2.3.2 Statistical Assessment of Imputed Data 
Because the imputed values are essentially reasonable guesses for the missing data, it is 
necessary to determine how many imputed values per skull will introduce skew into the data. 
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To examine this, each imputed data set was compared to the complete set. This was done with 
two different methods, MANOVA and cosines Of angles in the expectation that agreement 
between the two analyses will provide strong support for the choice of how many values can be 
imputed without introducing skew into the data. 
2.3.2.1 Assessment of Imputed Data by MANOVA 
First, a MANOVA was performed to determine whether each imputed set was 
significantly different from the complete set. The significance levels from the MANOVAs 
were examined to determine which imputed data set has the most imputations but was not 
significantly different from the complete set (Figure 10). As expected, as more values were 
imputed, the imputed data set diverged from the complete set until, at 4 imputed values, it was 
significantly different. Therefore, by this measure, no more than 3 values should be imputed to 
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1 
Figure 10: Significance levels from MANOVAs of each imputed data set were examined to determine how many 
measurements could be missing. The open point (data set 5) represents the largest data set that is not significantly 
different from the complete data set. 
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prevent skew in the data and imputed data set 5 is the largest data set which fulfills this 
restriction. 
2.3.2.2 Assessment of Imputed Data by Cosines of Angles 
The second method of investigating how many measurements could be missing without 
introducing skew into the data was examination of the correlation between PC 1 of the complete 
set and PC 1 of each imputed data set. To do this, PCA was performed on all 8 data sets and 
the cosine of the angle between PC 1 of each imputed data set and PC 1 of the complete set was 
computed. The cosine of the angle between the first principal component of two data sets is a 
measure of the correlation between them (Krzanowski 1993 ). These correlations were 
examined together to determine which imputed data set appeared to have the most imputed 
data but did not introduce skew (Figure 11). In general, the correlation drops as more damaged 
skulls are added, until skulls with at least half their data originally missing are added. At that 
point, the correlation increases, mostly likely due to the fact that such a high percentage of the 
data is calculated from regressions based primarily on the complete data set. The correlation 
for data set 4 gives an upper bound to the correlations of the data sets with more damaged 
skulls because the imputed values are constrained by the distributions they were selected from, 
artificially inflating the correlation. Therefore, the increase in correlation for the most 
damaged three data sets is spurious from a biological perspective. Of those data sets with no 
skull with more than half its values imputed, imputed data set 5 is the largest data set with a 
correlation above 0.75. 
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2.3.2.3 Statistical Assessment of Imputed Data -Conclusions 
The two analyses of the number of values which could be imputed without introducing 
skew into the data showed good agreement. Therefore, the maximum number of values that 
should be imputed is n-3 and imputed data set 5 will be used for further analysis. The age 
distribution of the skulls in imputed data set 5 is found in Table 6. It is worth noting that 
despite the fact that this is the largest data set that fulfills the criterion of not introducing skew 
when missing values are imputed, some age classes, particularly ages 30, 217, and 730 days, 
Cosines of the Angles Between PC1 of Imputed Data 
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Number of measurements present before imputation 
Figure 11: Cosines of the angles (correlations) of PC 1 of each data set with the complete set. The open data 
point, imputed data set 5, is the data set selected as having the largest sample size without introducing skew into 
the data. 
have very small sample sizes. While it would be desirable to have larger samples for these age 
classes, there is no reasonable way to correct this problem with the data. Because there is no 
correction for this problem, the data will be used as shown in Table 6. 
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Table 6: Number of skulls of each age found in imputed data set 5. 
2.4 Exploration of Variation in Skull Size, Shape, and Their Relationship to Age 
Using data from imputed data set 5, variation in the linear distances measured in data 
set 5 was analyzed by principal components analysis (PCA) (Pearson 1901) in NTSYS-pc 
(Rohlf 2000). The results of this analysis were used to determine whether PC 1 could be used 
as a size variable and how size, shape, and age are related. 
2.4.1 Determination of Size and Shape Variables 
PC1, which explains 94.4% of the variation in the data, was used thereafter as an 
estimate of size because the loadings were all similar and positive, ranging from 0.333 to 
0.362. PC2 explained 2.649% of the variation in the data and was taken to be shape since it is 
orthogonal to the size measure. This axis of variation appears to be a contrast between ORB 
(0.82) and MOLD (-0.52), with additional emphasis on MAXL (-1.4) and COR (-1.1). This 
describes a contrast between the increase in head width (ORB) and the molar opening (MOLD) 
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and snout length (MAXL and COR). The remaining 6 principal components were not 
examined because each explained less than 1.2% of the variation in the data (Table 7). 
Principal Component Axis %Variation Explained Cumulative 
1 94.4225 94.4225 
2 2.649 97.0714 
3 1.1607 98.2322 
4 0.8531 99.0853 
5 0.6131 99.6984 
6 0.1725 99.8709 
7 0.1188 99.9897 
8 0.0103 >100 
Table 7: Percent variation explained by each principal component individually and cumulatively for imputed data 
set 5. 
2.4.2 Allometry 
Allometry, or the change in shape with change in size, was investigated by examining 
the loadings of each variable in PC 1. If all variables contribute equally to the size of a 
specimen, the loading for each variable on PC 1 should be 1 / p , where p is the number of 
variables (Jolicoeur 1963). Therefore, if growth is isometric in this data set, the loading for 
each variable should be 0.3 54. The average loading on PC 1 is 0.3 5 3 . Therefore, the loadings 
of the eight variables in this data set (Table 8) give evidence of isometry in skull size in this 
population. Pairwise comparison of the loadings of each variable give evidence of change in 
shape with size. The largest difference in loadings occurs between ORB (a measure of head 
width) and CON and ANG, which are estimates of snout length. This is similar to the pattern 
of shape described by PC2, although the variables estimating snout length differ between the 
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two axes. Therefore, the investigation of allometry gives weak evidence for the expected 
elongation of the head as the juvenile grows. Thus, if ontogeny can be detected in this data set, 
it will be a subtle effect. 










Table 8: The loading of each measurement on PC 1 gives a measure of the allometry for that variable. All values 
are similar to the isometric value of 0.354, giving evidence for isometric growth in this data set. 
2.4.3 Ontogeny 
A regression of shape (PC2) as a function of age was performed to determine whether 
there was measurable ontogeny (change in shape with age) in this data (Figure 12). The slope 
from this analysis was examined to determine whether it was significantly different from zero, 
indicating the presence of ontogeny. The variation in shape appeared to decrease slightly with 
age. However, the lack of a significant correlation between shape and age does not support 
this (r = 0.13). Therefore, although the study of allometry predicted a slight difference in shape 
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Figure 12: Age was examined as a function of shape (PC2) to investigate ontogeny. Because there is no 
correlation between age and shape, no ontogeny is present in this data. 
2.4.4 Age as a Function of Size 
A second regression was performed to determine whether age could be modeled as a 
function of size. Again, the slope was compared to zero to measure whether age was a linear 
function of size (Figure 13). Although the relationship is generally found by investigating size 
as a function of age, size was used as the independent variable in this analysis because it is 
being investigated as a predictor of age. A significant relationship between age and size was 
found in this data (r = 0.777). Despite the coarseness of the age estimates from tooth eruption, 
a linear regression of age as a function of size fits the data remarkably well. Because size 
accounts for more than 94% of the variation in the data, little remains for shape to explain once 
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size is removed. Therefore, as there is strong evidence for a linear relationship between size 
and age, but it is not possible to examine the relationship between size and shape in this data 
-2.5 -2 -1.5 
O 
Age as a Function of Size 
800 _ 
700 
y = 156.SSx + 289.32 
R2 = 0.603 7 
~068~ O ~ 00 
Figure 13: Age is significantly correlated with size in this data, despite coarseness of the age estimates. 
due to the mathematical constraint that those axes from PCA are orthogonal (Pearson 1901), I 
conclude that the evidence for allometry is to weak to reject the hypothesis of isometric growth 
of the skull and age can be predicted from size in this population. 
2.5 Age Estimation From Size 
Because the previous analyses implied isometric growth and led to a rejection of the 
hypothesis of ontogenic allometry in this data, size was used to predict age for those skulls 
which could not be aged by tooth eruption, but had at least five of the eight measurements 
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present. The log-transformed measurements for these skulls were converted to standard 
normal deviates by subtracting off the mean and dividing by the standard deviation as done 
previously. Missing values were imputed in the same manner as before, using SAS PROC MI 
with the multinormal method MCMC and limits of ± 2.5 standard deviations. The five 
imputations were then averaged for each skull to create a complete data set for these unaged 
skulls. The imputed data was then projected onto PC 1 from imputed data set 5 to generate size 
scores for these skulls. Age estimates were produced from the size scores with the equation 
from the regression of age onto size. 
The addition of the skulls with age estimated from their size increased the size of the 
data set from 165 to 278, an increase of 68.5% to approximately 28% of the juvenile skulls in 
the population. Therefore, the fact that nearly three-quarters of the juvenile skulls were too 
damaged to use in this study, despite the measures taken to recover as many skulls as possible, 
supports Caughley's (1977) assertion that juvenile skulls are under-represented in "picked up" 
skull populations. Together with the 3 92 skulls identi~ ed as adults, the skull population for the 
life history parameter estimation portion of this Thesis numbers 670, which is approximately 
3 8% of the skulls in the collection studied. 
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Chapter 3: Life Table Analysis and Comparative Mortality Rates 
3.1 Abstract 
In the previous chapter, I estimated age in guanacos by tooth eruption and compared 
head size and shape to age to determine whether size and shape can be used to estimate age. I 
found that estimates of missing values can be accurately imputed if at least five of the eight 
measurements are present. I also found that age can be predicted from skull size. This allows 
the estimation of age even when tooth eruption data is incomplete or unavailable. To 
maximize the sample size for further analysis, I then estimated age for an additional 113 skulls 
for which tooth eruption data was incomplete. In this chapter, I will pool the individuals aged 
by tooth eruption and skull size into a single juvenile population and examine mortality rates in 
this population through life table analysis. I will then compare the age-specific mortality rates I 
found in the life tables with published mortality rates for the Torres del Paine National Park 
guanaco population which were estimated by radiocollar study (Sarno et al. 1999) and an 
earlier skull study (Fritz and Franklin 1994). This allows me to determine whether information 
from skull data, in the absence of any other information, is sufficient to estimate juvenile 
mortality in the guanaco. 
3.2 Life Table Analysis 
Life tables are demographic tools used to examine life history parameters. Two life 
tables, sensu stricto, were calculated from the aged skull data. The first is a stage-speci is life 
table (Table 9), with age listed in days. The age intervals for this life table were determined by 
the age categories from the tooth eruption study. The second life table, the yearly life table 
(Table 10), has age in years. By calculating the two life tables, it is possible to compare 
48 
mortality rates from this skull collection with previously published mortality rates for this 
population. According to the stage-specific life table, first year mortality peaked between 30 
and 92 days of age (1 to 3 months old) and a second peak in mortality occurred between 304 
and 457 days of age (10 and 15 months old) (Figure 14). The lowest mortality rates occurred 
in the first age class and near the end of the second year of life, when the juveniles had nearly 
attained their full adult growth (Raedeke 1979). 
( x i ~ xi+l) nx l x d x qx 
0-30 668 1000 7 0.00749 
31-91 663 993 118 0.12066 
93-217 5 84 874 51 0.05 660 
218-304 S50 823 64 0.07818 
305-457 507 759 115 0.15187 
458-546 430 644 54 0.08372 
547-730 394 590 3 0.00508 
730+ 392 587 587 1 
Table 9: The stage-specific life table for the Torres del Paine guanaco population. Age is in days. ( x i , xi+1) is 
the age range; nx is the number surviving to age xi , l x is the number of survivors to age xi ,standardized to a 
population size of 1000, d x is the number dying in (xi , xi+l) , and qx is the age-specific mortality rate for 
individuals of age (xi , x i+1) . 
( x i ~ xi+1) h x l x d x ~x 
1 668 1000 254 0.25449 
2 498 746 159 0.21285 
Adult 3 92 5 87 5 87 1 
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Table 10: The yearly life table for the Torres del Paine guanaco population. Age is in years. ~ x~ , xi+1 ~ is the age 
range; fZx is the number surviving to age xl , l x is the number of survivors to age x~ , standardized to a 
population size of 1000, dx is the number dying in ~x~, x~+1~ ,and q Y is the age-specific mortality rate for 
individuals of age ~ x~ , x;+1~ . 
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Figure 14: Cumulative and age-specific mortality from the stage-specific life table. The cumulative mortality is in 
columns and the line and points denote the age-specific mortality 
3.3 Comparison of Life Table Results with Published Studies 
To determine whether skull data, in the absence of any other information, is sufficient 
to estimate juvenile mortality in the guanaco, I compared the life table results with the 
published mortality rates for this population by Sarno et al (1999) and Fritz and Franklin 
(1994). 
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From 1991 to 1995, Sarno et al (1999) conducted a radiocollar study on the chulengos 
in Torres del Paine National Park. Mortality varied by year and the winter of 1995 was 
particularly severe (Bank et al. 2002). Because Sarno et al's mortality rates for radiocollared 
individuals (Figure 15) did not significantly differ from those of chulengos without 
radiocollars, these rates can be taken as estimates of the true mortality rates of this population 




























Figure 15: Cumulative mortality rates for the first year of life from Sarno et al's (1999) radiocollar study. 1995 is 
known to have been a particularly severe winter (Bank et al. 2002). Data from Sarno et al (1999). 
(Bank et al. 2000). I pooled the data for all five years of their study into one data set for 
comparison with the stage-specific life table data and exponentially transformed the data. I 
also converted the age-specific mortality rates from the stage-specific life table to cumulative 
mortality rates to match the data Sarno provided to me. To ensure that the transfolilied data did 
not violate the assumptions of an ANCOVA, I performed linear regressions on Sarno et al's 
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data and the stage-specific life table data for the first year of life. Both regressions were 
significant, and explained the majority of the variation in the data (r~~ = 0.8118 and ~2 = 0.9238, 
respectively). I then compared the exponentially transformed mortality rates from Sarno et al's 
study and the stage-specific life table, via ANCOVA in BIOMstat (Applied Biostatistics 2000), 
and found that the slopes of the regression lines were significantly different (p = 0.0045). 
Because the life table mortality rates presented here were lower for all age classes than those 
found by Sarno et al (Figure 16), mortality in this study is underestimated in the first year. 
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Figure 16: An ANCOVA of the log-transformed mortality rates collected by Sarno et al. (1999) (denoted by years) 
and the mortality rates from the stage-specific life table. The linear regression of the pooled data for the five years 
of Sarno et al's study is in grey and the regression of the life table mortality rates is dashed. The slopes of the two 
data sets are significantly different (p = 0.0045), showing that the rates calculated in the stage-specific life table 
underestimate mortality. 
52 
I also compared the rates calculated in the yearly life table to the rates found by Fritz 
and Franklin (1994) in an examination of the skulls collected in Torres del Paine National Park 
from 1981-1984 (Table 11). The study by Fritz and Franklin gave higher first year and lower 
second year mortality than was found in the yearly life table. Differences in the yearly rates 
between these two studies may be due to several factors. Fritz and Franklin had a smaller 
sample size (n = 243) for their study, of which approximately 104 were aged 2 years and less. 
Also, the rates published in their life tables had been adjusted to reflect the assumption that the 
park population was growing at a steady rate. Finally, Fritz and Franklin had access to 
necropsy data for some of the skulls collected, which may have influenced their estimates of 
age (Franklin, pers. Comm.) while the method used to estimate age by tooth eruption in this 
study is coarse-grained and overestimated the age of some individuals. This is likely to have 
inflated second year mortality and decreased first year mortality since there is a five-month age 
gap spanning the end of the first year of life in the life tables calculated herein. Like the 
mortality rates in this study, Fritz and Franklin's mortality rate for first year mortality is 
underestimated. This gives further evidence that juvenile mortality will be underestimated in 
guanaco skull populations. 





Table 11: Yearly mortality rates for the study published by Fritz and Franklin (1994) and the yearly life table in 
this study. Fritz and Franklin found higher first year mortality and lower second year mortality than was found in 
this study. 
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Chapter 4: Conclusions 
An important component of ecology is the estimation of life history parameters such as 
mortality rates. These rates can be used to investigate whether the numbers of a species are 
increasing or declining, whether a species is affected by the presence of other species, and 
whether an active role for the preservation of the species is necessary. When studying long-
lived organisms such as the guanaco, it is desirable to have a method of determining age-
specific mortality which does not depend on decades-long studies. Skulls are enduring records 
of organisms and provide insights into the lives of the organisms and require less time to study. 
However, skulls found in the field are often damaged by weather, fire, scavengers, and 
predators. This leads to reduced sample sizes for mortality studies based on skull features, and 
can .also lead to biases in age-specific mortality rates since juvenile skulls are smaller and more 
fragile. 
I began Chapter 2 by explaining the methods I used to collect data from guanaco skulls 
in Torres del Paine National Park, Chile. Nine measurements were taken on each skull and 
tooth eruption data was recorded. Eight of the measurements were significantly correlated with 
age as estimated by tooth eruption patterns. The measurement which was not correlated with 
age, WCOR, was discarded. In addition to being uncorrelated with age, WCOR was often 
absent because of the fragile nature of the coronoid processes. 
Because many of the skulls I studied were damaged by predation, scavenging, weather, 
and fire, I was unable to take some measurements for these skulls. Only 39 of the skulls for 
which I was able to estimate age by tooth eruption had all eight measurements available. 
54 
Therefore, it was necessary to investigate the problem of missing data in this skull study to 
determine if I could increase my sample size. I used the experimental procedure PROC MI in 
SAS to impute the missing values and examined the data to determine how many 
measurements were required to prevent the introduction of skew into the data by imputation of 
missing values. I found that skew was introduced if more than three measurements were 
imputed. This conclusion is supported by two methods of statistically analyzing the results. I 
performed a MANOVA on each imputed data set and examined the significance levels. I then 
determined the cosines of the angles between PC 1 of the complete data set and PC 1 of each 
imputed data set, which is a measure of correlation. Both of these analyses supported using 
data with no more than three imputed values. Therefore, I conducted the remainder of the 
analyses on imputed data set 5, which had a sample size of 165. 
For estimation of age from skulls for which tooth eruption was unavailable or 
incomplete, I examined size as a predictor of age. Because size and age are significantly 
correlated, I performed a regression of age as a function of size. I then used this regression and 
the PC 1 score (size) to determine age for those skulls with incomplete or missing tooth 
eruption data. By estimating age for these additional skulls, I was able to increase the sample 
size of aged skulls by 65%from 165 to 278 for determining juvenile mortality rates. 
In Chapter 3, I investigated whether the data from skulls, in the absence of other 
information, give adequate estimates of mortality rates in juveniles. I examined this by 
calculating life tables from the skull study and comparing the age-specific mortality and 
cumulative mortality rates to the rates in two previously published mortality studies of juvenile 
guanacos from the same population. The first study, by Sarno et al (1999), used radiocollars to 
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investigate mortality in the first year of life. Because there was no difference between the 
mortality of radiocollared individuals and those without collars, Sarno et al's mortality rates 
approximate the true mortality rates in this population. Although the mortality rates differed by 
year, they followed a consistent pattern. Mortality was highest just after birth and again at 
approximately the start of the winter. Because of the coarse-grained nature of my age 
estimation, my data did not show these periods of high risk in the guanaco's first year of life. 
Also, I expected, a priori, that my estimates of cumulative mortality would approach estimates 
by Sarno et al as the individuals got older. Because there were many very young disarticulated 
skulls in this collection, I expected my mortality rates for the very youngest age class to be low. 
However, as the animals age, their skulls become more robust and I expected that my estimates 
of mortality would approach the true mortality rates. However, this was not the case. The 
slope of the regression line for the age-specific life table data was actually shallower than the 
slope of the regression line for Sarno et al's data. This may be due to the coarse-grained nature 
of age estimation by tooth eruption. Because the age class which spans the end of the first year 
of life in the age-specific life table is five months long, it may be that the age of some 
individuals which died in their first year of life was overestimated This inflated the mortality 
rates of the second year and reduced the mortality rates for the end of the first year. 
The second previously published study to which I compared my estimates of mortality 
was by Fritz and Franklin (1994). These researchers also conducted a skull mortality study in 
Torres del Paine National Park, but they examined yearly mortality throughout the entire 
lifespan of the guanaco. Fritz and Franklin found a higher mortality rate for the first year of 
life and a lower rate for the second than I found in the yearly life table. Again, the second year 
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mortality rate from the yearly life table may have been inflated in comparison due to the 
coarse-grained nature of age estimation in this study. Also, Fritz and Franklin had a much 
smaller sample size, with only 243 individuals for the > 10 year life span of the guanaco, of 
which approximately 104 were two years old or less as compared to the 278 individuals of age 
two or less examined in Chapter 3. The differences in sample size may have contributed to the 
differences between their study and the yearly life table calculated herein. Also, Fritz and 
Franklin had access to necropsy data which likely contributed to a greater degree of accuracy in 
their age estimation in juveniles. 
Both skull-based studies had first year mortality rates significantly lower than those 
found by Sarno et al. This gives strong evidence that Caughley's (1977) assertion that skull 
studies underestimate juvenile mortality is correct for the guanaco. Because juvenile skulls are 
smaller and more fragile than adult skulls, the amount of information which can be discerned 
from juvenile skulls is also reduced. In addition, in this skull collection it appeared that skull 
sutures do not fuse until some time after birth, so the skulls of newborns disarticulate when the 
skin and muscle are removed. Thus, newborn mortality is completely missed by studies based 
on skull size. Also, the bones are very fragile, so very few survive intact enough to provide 
tooth eruption data. This explains why, if pumas prefer juvenile guanaco prey as found by 
Bank et al (2002), the high initial mortality due to puma predation (Figure 17) was not seen in 
the life tables I calculated. 
From my study of juvenile guanaco skulls, I conclude that it is possible to estimate 
missing skull size measurements for a population of guanacos if there are skulls available for 
which all measurements are available, it is possible to use skull size to estimate age in juvenile 
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guanacos, and skull information alone is not sufficient to accurately estimate juvenile mortality 
in this study. 
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Figure 17: Guanaco mortality due to puma predation in the first year of life in Torres del Paine National Park, 
Chile (Franklin, unpublished data). 
Other variables which, if known, would be bene~ cial to the study of mortality include 
location of the skull in the field, date found, sex, cause of death, and weather conditions. 
Location may play a part in determining climactic factors and possibly the cause of death. 
Spatial variation may be analyzed to determine whether some parts of the habitat are inherently 
more hazardous to certain age classes. Because guanacos exhibit synchronous birth (Raedeke 
1979, Franklin 1982, 1983), the date the skull was found may give a more accurate estimate of 
age at death than tooth eruption if the individual was newly deceased. Sex may play an 
important role in determining hazard in the first two years of life in the guanaco since male 
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guanacos are expelled from their natal groups earlier than females and are found in male 
groups rather than family groups after this expulsion (Raedeke 1979, Franklin 1982, 1983, 
Ortega 1985, Ortega and Franklin 1988, 1995, Sarno 1997, Sarno et al. 1999). Male and 
female juveniles also exhibit different patterns of behavior leading up to their expulsion from 
their natal groups (Sarno 1997), which also may affect mortality. Cause of death helps to 
identify the hazards faced by juvenile guanacos. Because pumas preferentially prey on 
juveniles (Wilson 1984, Sarno et al. 1999, Bank et al. 2002) and often significantly damage the 
skulls, quantification of puma predation rates may be useful in predicting mortality rates. If it 
is known what percentage of the juveniles fall prey to pumas each year, it may be possible to 
estimate the number dying each year from the deaths due to other causes. Finally, weather 
plays a significant role in mortality rates for a given year (Gilbert et al. 1970, Jedrzej ewski et 
al. 1992, Bank et al. 2002). In 1995, the winter in Torres del Paine National Park was 
particularly severe, with very high snowfall, low temperatures, and strong winds. The park 
suffered the worst winter storm in 50 years that winter, and mortality of juvenile guanacos was 
significantly higher than expected (Bank et al. 2002). Information of this type, combined with 
what can be collected directly from the skull gives a more robust picture of mortality and is 
likely to give a more accurate estimate of mortality rates in juvenile guanacos. 
Future work suggested by the results of this study include combining skull mortality 
studies as listed above with other sources of data and an investigation of the relationship 
between shape and size. A geometric morphometric study based on landmarks would be useful 
for examining the relationships between shape, size, and age. I would suggest that this study 
be conducted on images of live specimens so that changes in individuals can be examined as 
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the animals age and so that the shape of newborn individuals can be captured without the 
problem of skull disarticulation. I would also recommend performing the study on skulls so 
that changes in the skull shape which are hidden by skin and muscle can also be examined. 
From this study, it would be possible to gain a clearer understanding of how the skull grows in 
juvenile guanacos. This knowledge could be used to estimate age and, when combined with 
other ecological data, give greater insight into the first two years of life of a guanaco. 
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